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1Abstract—This study focuses on a wireless powered 

cooperative communication network (WPCCN), which includes 

a hybrid access point (HAP), a source and a relay. The 

considered source and relay are installed without embedded 

energy supply (EES), thus are dependent on energy harvested 

from signals from the HAP to power their cooperative 

information transmission (IT). Taking inspiration from this, the 

author group investigates into a harvest-then-cooperate (HTC) 

protocol, whereas the source and the relay first harvest the 

energy from the AP in a downlink (DL) and then 

collaboratively work in uplink (UL) for IT of the source. For 

careful evaluation of the system performance, derivations of the 

approximate closed-form expression of the outage probability 

(OP) and an average bit error probability (ABER) for the HTC 

protocol over Rayleigh fading channels are done. Lastly, the 

author group performs Monte-Carlo simulations to reassure 

the numerical results they obtained. 

 
 Index Terms—Energy harvesting; Harvest-then-cooperate; 

Outage probability; Bit error probability. 

I. INTRODUCTION 

Recently, a wireless powered cooperative communication 

network (WPCCN) has been able to self-sustain their 

operation thanks to the new emerging approach, energy 

harvesting (EH) [1]. In EH-based systems, wireless devices 

are used to harvest energy from their surroundings, for 

instance, wind, vibration, solar, and geothermal sources [2]. 
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Among others, radio frequency (RF) stands out to be a 

favourable energy source owing to its ease to control, 

availability and ability to carry energy and information 

simultaneously. To utilize those characteristics of RF, the 

author group in [3]–[5] invents namely simultaneous 

wireless information and power transfer (SWIPT) systems 

for the receiver architectures. SWIPT systems perform 

satisfactorily transmission in short range, but not in a long 

range. Thus, as a solution for this, the author group in [6] 

presents a novel wireless-powered system architecture, 

whereas wireless devices are powered by power-beacons 

(PBs). Followingly, a number of PB-assisted EH systems are 

proposed as in [7], [8].  

In-depth studies about EH-based point-to-point systems 

have established a foundation for researchers to investigate 

further into more sophisticated system architectures, for 

instance, cognitive radios, cognitive relaying networks, and 

relay/cooperative systems. As for systems with relays, power 

splitting-based relaying (PSR) and time switching-based 

relaying (TSR) are the two most frequently used protocols 

for signal processing and EH at a specific relay node [9]. 

Moreover, a special TS-PS protocol, namely hybrid TS-PS 

relaying (HTPS) protocol, is studied in [10]. 

Additionally, throughput analysis results of decode-and-

forward (DF) and amplify-and-forward (AF) relaying 

systems are presented in [4], [9], and [11]. Furthermore, a 

number of different aspects related to EH relay systems are 

examined. For instance, EH-based relaying networks with 

interference [12], EH-based cooperative systems operating 

with spatially random relays [13], selection of relay for 

compromising the average energy and the information 

quality being transferred [14], and, last but not least, 
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selection scheme of relay for hybrid full/half-duplex EH-

based systems [15]. 

A harvest-then-transmit protocol has been developed 

recently. In this protocol, the energy of signals sent by an 

antenna of the HAP in the DL is collected. This energy is, 

then, used to send the independent information to the HAP 

in the UL via time-division-multiple-access (TDMA). A 

similar setup making use of a multi-antenna of the HAP is 

studied in [16], in which users concurrently are able to send 

information to the HAP in the UL utilizing space-division-

multiple-access technique with the harvested energy in the 

DL previously. The users’ minimum throughput is 

maximized with joint optimization of time allocation, UL 

transmit power allocation, DL energy beams, and the 

received beam-forming vectors. Latterly, for improving the 

performance of the multi-user wireless-powered 

communication network (WPCN), the full-duplex technique 

is implemented as mentioned in [17], [18]. This technique 

utilizes two antennas for two purposes: sending DL users’ 

energy via wireless connection and, simultaneously, 

receiving UL users’ information by means of TDMA. 

Different from the works mentioned above, the authors of 

this paper consider distributed PBs in WPCCN, which 

assists the HTC protocol, in this study. Particularly, the used 

time-switching protocol consisting of UL wireless 

information transmission (WIT) and DL wireless energy 

transmission (WET) are deployed. One sustained power 

supply is in connection with the HAP. The source and the 

relay are not installed with any EES, but rechargeable 

batteries. Thus, the RF energy transmitted from the HAP can 

be harvested and stored. The primary contribution of this 

study can be summarized as follows:  

 Derivation of analytical expressions for OP 

implementing the AF relaying protocol and selecting 

techniques, respectively, on the relay and the HAP; 

 The approximately derived closed-form expression of 

the ABER of the proposed HTC protocol in the Rayleigh 

fading channels. 

The rest of the paper is organized as follows. In Section 

II, we give descriptions of the system model and the HTC 

protocol. In Section III, analysis of approximate closed-form 

expression for the OP and ABER is provided. In Section IV, 

simulation results and discussions are presented. Finally, 

conclusions are given in Section V. 

II. SYSTEM MODEL 

Figure 1 illustrates the network under consideration. In the 

figure, there are a HAP (B), a(n) (information) source (A), 

and a relay (R). The relay receives no traffic and assists the 

source in IT process. Each node is assumed to have one 

antenna and operates in a half-duplex mode via an AF relay. 

Besides, the relay and the source are installed without EES. 

Hence, firstly, the signal energy sent from the HAP to the 

DL is harvested. Then, it is stored in rechargeable batteries 

and is ready to be used for the IT operation to the HAP in 

the UL. 

It is denoted that 
XYh  is the channel coefficients of 

X Y links knowing that  , , ,X Y A R B . Additionally, 

the channel power gain 
2

XYh is the random variables (RVs), 

which is distributed exponentially with mean value of 

) ,(XY XYd    whereas 
XYd  is the distance of 

X Y links. The path-loss exponent is denoted as  . Last 

but not least, channels in DL and UL are assumed to 

undergo independently slow and flat fading frequency. The 

channel gains for each transmission block denoted as T  is 

constant, but varies independently on different blocks. 

 
Fig. 1.  System model. 

 
Fig. 2.  The HTC protocol. 

Figure 2 illustrates the HTC protocol of the considered 

network. The transmission duration T  is divided orderly 

into three blocks. The first block, T , is the DL energy 

transferred from the HAP to the source and the relay with 

time switching (TS) ratio of  0,1  . The remaining time 

is equally divided into two blocks being  1 2T , which 

are allocated to the cooperative operation of IT in the UL. In 

the first block for the UL, data is transmitted to the HAP by 

the source utilizing the stored harvested energy. It is noted 

that the relay can overhear this data owing to the wireless 

communication broadcasting feature. In the second block for 

the UL, the relay implementing the AF relaying protocol, 

which appears to be less complex [9], uses the stored 

harvested energy during the DL to assist the transmitting 

information from the source. 

It is noted that for the information processing operation in 

the HAP, the selection combining (SC) technique in [19] is 

chosen. Utilizing the SC technique also helps to reveal the 

system closed form analysis, which is tractable. Operation 

wise, the HAP information receiver first compares the 

signals sent by the source and the relay, after that, picks the 

one with larger signal-to-noise ratio (SNR). Then, it is used 

to decode the information of the source by the HAP in the 

end of each time block. 

The harvested energy amount from the source and the 

relay are calculated as in [9], [15]: 

 
2

A B BAE P h T  (1) 

and 
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2

,R B BRE P h T  (2) 

where 
BP is the HAP transmission power during the DL, 

which is assumed to be adequately large, so that the 

harvested energy from the noise can be neglected. The RF-

to-DC energy conversion efficiency is  0,1  . Utilizing 

the rectenna technology as in [20], fairly high efficiency 

(e.g., 80 % ) can be achieved. 

Thus, the transmitted power of the source and the relay 

during the UL are calculated as follows: 

    
2

2 1 2 1 ,A A B BAP E T P h      and  

    
2

2 1 2 1 .R R B BRP E T P h       (3) 

The received SNR at the HAP after the transmission of 

the sources, thus, can be expressed as 

 
2 2 2

0 ,A B BA BA ABP h N h h    (4) 

where  2 1 ,   
0 ,BP N   and 

0N is the power 

of the noise subjected to all the receivers. 

As mentioned earlier, the relay can overhear the signal 

sent from the source. Thus, in this second time block of the 

UL, the received signal is amplified and forwarded to the 

HAP utilizing the power 
RP  as mentioned in (3) with the 

amplification factor of  2
1 1ARh    [4], [9]. After 

manipulating, the received SNR at the HAP from the link A-

R-B can be expressed as follows 

 
2 2 2 2

2 2 2 2
.

1

BA AR BR RB

ARB

BA AR BR RB

h h h h

h h h h

 


 


 
 (5) 

Remark 1: As can be observed in (5) - the resulting SNR, 

the closed-form expression of the exact value of OP is 

difficult to calculate. Thanks to [21], the SNR in terms of 

ARB  given in (6) can be approximated as 

  

2 2 2 2

2 2 2 2

2 2 2 2
min , .

BA AR BR RB

ARB

BA AR BR RB

BA AR BR RB

h h h h

h h h h

h h h h

 


 



 


  (6) 

As the SC technique is implemented on the HAP receiver, 

the received SNR at the HAP node for the HTC protocol is 

given by 

  max , .B AB ARB    (7) 

The achievable rate of transmitted information between 

the HAP and the source via R is expressed as follows 

 
 

 2

1
log 1 .

2
B BI





   (8) 

III. OUTAGE PROBABILITY AND AVERAGE BIT ERROR 

PROBABILITY ANALYSIS 

This section shows the analytical formulation of the OP 

and ABER, respectively. 

A. The Outage Probability 

The OP stands for the instantaneous received SNR, 

A value under a threshold value of 02

0 2 1,
R    noting that 

0R  is the source (fixed) transmission rate. In addition, the 

Remark 1 leads to the Theorem 1. 

Theorem 1. The approximate expression of the OP of the 

HTC protocol can be given as follows 

  1 2 3 3 ,a bOP A A A A     (9) 

whereas: 

  0 0

1 1

4 4
1 ,

BA AB BA AB

A K
 

 

   
     

         

 (10) 

 0 0

2 1

4 4
,

BR RB BR RB

A K
 

 

   
    
         

 (11) 

 0 0

3 1

4 4
,a

BA AR BA AR

A K
 

 

   
    
         

 (12) 

 

0 0

3

0 0

1

4 4

4 4
,

b

BA AR BA AB

BA AR BA AB

A

K

 

 

 

 

 
        

 
       

 (13) 

and  1 .K  denoting the second kind of modified Bessel 

function with the first order [21]. 

Proof for Theorem 1: Based on the definition of the OP 

    0 0 0Pr Pr , .A AB ARBOP            (14) 

It should be noted that there is a correlation between the 

SNRs 
AB  and 

ARB  as they both contain the random 

variable 
BAh . Accordingly, the following expression can be 

obtained 

      0 0 0 0Pr , Pr Pr .AB ARB AB ARB            (15) 

This is on the contrary to the conventional constant-

powered cooperative networks, in which different paths 

SNRs are usually independent. Because of the intricate 
ARB  

structure and the mentioned correlation, the closed-form 

expression of (5) is difficult to acquire. The approximate 

SNR value, according to the Remark 1, is easier to tract than 

the exact value. Hence, it assists deriving the closed-form 

expression of the OP. Consequently, the OP (14) can be 

approximately expressed by 

 

 

 

 

2 2

0

2 2 2 2

0

2 2

0

2 2

0

2 2 2 2

0

Pr
min ,

Pr

Pr .
min

,

,

,

BA AB

BA AR BR RB

BA AB

BA AB

BA AR BR RB

h h
OP

h h h h

h h

h h

h h h h

 

 

 

 

 

 






  
 
 

 

 
 
 
 

 (16) 

Taking into account that 
BRh  and 

RBh  are independent of 
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BAh  as in [22, p. 21]; the fact that 

     Pr , Pr Pr , ,A B A A B   whereas  Pr ,A  denotes the 

probability of event A, and  Pr ,A B  denotes the probability 

of the event A and B. The following expression can be 

obtained as 

 

   

 
2

3

2 2 2 2

0 0

2 2 2 2

0 0

Pr r

r , .

P

P

BA AB B

I I

I

R RB

BA AB BA AR

OP h h h h

h h h h

   

   

 



 

  (17) 

Firstly, the 
1I  can be written as 

 
0

1 1

0

,
1

1 BA AB

x

x

AB x

I e dx A




  

 



  
   (18) 

whereas the integral identity is solved with [21, Equation 

(3.324.1)]. 

Likewise, it can be noted from 
2I that 

 
0

2 2

0

1
1 .BR RB

x

x

RB x

I e dx A




  

 



  
   (19) 

Eventually, the 
3I can be written as 

 

 

 

2

2

2 20 0

3

0

2 20 0

0

Pr ,

Pr Pr .

BA

BA

AB AR h
x

AR AB h
x

I h h f x dx
x x

h h f x dx
x x

 

 

 

 









 
    

 

   
     

   



  (20) 

The simplification of the equation (16) can be expressed 

as 

 

0

0 0

3

0

1

0

3 3

1

1

.

AR BA

AB AR BA

x

x

BA x

x

x

BA x

a b

I e dx

e dx

A A





 

 

  
 



         



 
   

 
 

 








 (21) 

As (18), (19), and (21) are substituted into (17), the 

desired result as in (9) can be obtained. The proof is 

subsequently completed. 

Remark 2: The relay performs two tasks: source signal 

energy harvesting and forwarding that signal to a destination. 

From Theorem 1, the destination OP is derived. In (9), OP 

function is dependent on the EH time,  . As   value 

increases from 0 to 1, OP value decreases. Since   

becomes larger, the relay gains more transmission power. 

Thus, the outage chance decreases. Further discussions can 

be found in the numerical results session below. 

B. Average Bit Error Probability 

The ABER used for evaluating the wireless 

communication performance is studied in this subsection. It 

is noted that the evaluation is done with different, widely 

used modulations. In particular, there are BFSK, BPSK 

transmitting orthogonal signal, and M-ary square QAM 

alphabet transmitting data by changing the two carriers' 

signal amplitudes. 

So, as to obtain the ABER as mentioned in [23], the 

below expression is considered 

  2 ,B aQ b  (22) 

whereas  .  is the expectation operator,  Q x  is the 

Gaussian Q-function defined as  
2 / 21

,
2

t

x

Q x e dt




   

   , 1, 2a b   for BPSK, and    , 1,1a b  for QPSK. 

Founded on the OP approximated expression mentioned 

in (9) and the ABER expression in (22), a corollary of the 

HTC protocol ABER can be obtained. 

Corollary 1. Expression of approximate closed-form of 

the HTC protocol ABER value can be written as follows 

  
0

.
2

ba b e
B OP d





 
 

 



   (23) 

IV. NUMERICAL RESULTS 

In this section, numerical results for validation of the OP 

and ABER calculations acquired in Section III are provided 

and some system performance insights are given. Moreover, 

the comparison between the aforementioned expressions and 

the complementary Monte Carlo-simulated performance 

results for the accuracy evaluation is done. Specifically, 

there are 610  Rayleigh distribution random variables 

generated. The average power represents the distances 

between all links. For the ease of the calculation, a linear 

topology, whereas the relay, the source, and the HAP are 

assumed to be located on a straight line, is considered, i.e., 

RB AB ARd d d  . In simulations done hereafter, the 

following parameters 1,ABd   0.3,ARd   3,   50 %,   

1 4,   and
0 1R  (dB) are set. 

Figure 3 depicts the OP performance against the transmit 

SNR  (dB) considering different distance values between R 

and B, 0.3,RBd   0.5,RBd   and 0.7.RBd   The simulation 

results, as can be observed, match perfectly to the analytical 

ones acquired in Section III. Additionally, as the R-B link 

quality decreases, the OP for IT in (14) increases. 

Nevertheless, the gap between the corresponding curves 

increases as 
RBd  value decreases from 0.7 to 0.5 and, then, 

to 0.3. This indicates that for a shorter distance of the S-R 

link, there is a higher amount of energy harvested by the 

relay assisting the HTC protocol. 

Figure 4 represents the transmission rate versus the TS 

ratio,  with different transmit SNR values,  (dB). It can 

be observed that as   increases from 0 to an optimal value 

(approximately 0.3), so does the transmission rate. However, 

the curve starts decreasing as  continues increasing to its 

optimal. This can be explained as when   is less than its 

optimal value, there is less time for the system to harvest the 

energy. Additionally, the SNR increases in conjunction with 

the transmission rate. As can apparently be observed, in case 
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of 10  (dB), the system has a better transmission rate 

comparing to 5  (dB). 

 
Fig. 3.  The OP versus transmit SNR,  (dB). 

 
Fig. 4.  The transmission rate versus TS ratio, .  

 
Fig. 5.  The ABER rate versus transmit SNR,  (dB) with different EH 

efficiency values 10 %  and 50 %.   

Figure 5 illustrates the ABER function in relation with the 

transmit SNR in two modulations: BPSK and QPSK, i.e., 

 1a b   and ( 1, 2a b  ), respectively. This functions 

with different values of the EH efficiency; 10 %   and 

50 %   are plotted for the comparison. The ABER is 

dependent on the transmit power of the source and the relay. 

It should be noted that the ABER in BPSK scheme is always 

better than that of the QPSK. The ABER of the systems 

increases linearly as the conversion efficiency   increases 

from 10 % to 50 %.  

V. CONCLUSIONS 

In this study, the author group focuses on a HTC protocol 

being the WPCCN. In this network, there are two pieces of 

energy-constrained equipment: a source and a relay. They 

operate on the energy harvested from the received RF signal 

and utilize that to assist forwarding the source signal to the 

HAP. By utilizing this technology, a relatively high value of 

efficiency, 80 %, can be achieved. The TS architecture is 

adopted to build the above network. Moreover, the closed-

form expression of the approximated OP and the ABER in 

Rayleigh-fading channel for the mentioned protocol are 

derived. Nevertheless, the effect of the varied system 

parameters on the HTC protocol performance utilizing AF 

relay is shown with numerical analyses throughout the paper, 

whereas the optimal value for TS ratio is approximately 0.3. 
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